Life depends on the ability of photosynthetic organisms to exploit sunlight to fix carbon dioxide 21 into biomass. Photosynthesis is modulated by pathways such as cyclic and pseudocyclic electron 22 flow (CEF and PCEF). CEF transfers electrons from photosystem I to the plastoquinone pool 23 84 al., 2014).These plants were used to generate all combinations of double mutants (flva-pgrl1, flva-85 ndhm, pgrl1-ndhm) as well as triple flva-pgrl1-ndhm KO plants depleted in all three mechanisms in 86 4
PGRL1 showed a growth reduction under strong constant illumination, while all plants depleted in 141 FLVA exhibited less growth when exposed to fluctuating light (FL), as previously reported (Storti 142 et al., 2019; Gerotto et al., 2016) . A small growth reduction was also observed in pgrl1-ndhm KO 143 plants exposed to light fluctuations, in contrast to both single KO mutants that provided the genetic 144 background (Figure 3, Figure S2 ). The most striking observation, however, was that flva-pgrl1-145 ndhm triple KO plants showed a 60-75% growth reduction with respect to the WT plants in all 146 conditions, including very low, limiting light (10 µmol photons m -2 s -1 ). In non-saturating 147 illumination, the phenotype of the flva-pgrl1-ndhm KO plants was, thus, completely different from 148 those of all the double mutants, highlighting that the mechanisms for the regulation of 149 photosynthetic transport are essential for plant growth. 150 Such a severe growth phenotype, however, was not present in the rich medium with 0.5% glucose 151 and 0.05% ammonium tartrate used for plant propagation ( Figure 4A ). The addition of 152 metabolizable sugars such as sucrose or glucose to the basal salt medium was indeed sufficient to 153 restore plant growth to WT levels. Interestingly, photosynthetic functionality in these plants was not 154 6 recovered, and PSI/PSII and ETR remained largely depleted ( Figure 4C, S8 ). This suggests that 155 flva-pgrl1-ndhm KO mutant growth impairment is due to a reduced energy supply from 156 photosynthesis and can be rescued by providing an external carbon source. This result also 157 demonstrates the ability of P. patens to grow well under mixotrophic metabolism with most of the 158 energy provided by organic substrates, which may be related to adaptation to ecological niches with 159 available decomposing biomass. 160 The impact of several different parameters affecting photosynthetic metabolism was assessed to 161 further investigate the mechanistic reason for the strong impact on growth. Plants were cultivated 162 under saturating CO 2 to stimulate carbon fixation and minimize photorespiration, with 24 hours of 163 continuous non-saturating light to avoid any dark-light transition. As shown in Figure 4B , 164 continuous light and high CO 2 induced a slight increase in growth, but this was similar in mutant 165 and WT plants. The same experiments were repeated with plants cultivated under very low light for 166 several weeks. In this case, we observed a slight recovery of the growth rate and PSI/PSII, 167 suggesting that PSI is indeed light damaged in flva-pgrl1-ndhm KO plants and that the recovery is 168 extremely slow ( Figure 4C ). (Allahverdiyeva et al., 2013; Yamori and Shikanai, 2016; Peltier et al., 2016) . The analysis of 176 triple flva-pgrl1-ndhm KO plants instead showed that the simultaneous depletion of CEF and PCEF 177 drastically affects plant photosynthetic activity even under optimal growth conditions. Accordingly,
178
Arabidopsis double mutants lacking both CEF activities (i.e., : pgr5 and chlororespiratory 179 reduction/crr depleted in the NDH complex) show strong growth phenotypes compared to WT 180 (Munekage et al., 2004) .
181
As an angiosperm, Arabidopsis lacks FLV, and its CEF is estimated to contribute approx. 10% of 182 total proton motive force (pmf, (Shikanai, 2016; Avenson et al., 2005) ), with a larger role in dark-183 light conditions or specific developmental stages (Joliot et al., 2004; Allorent et al., 2015) . In P. 
197
All these considerations clearly suggest that the main biological roles of CEF and PCEF are not to 198 enhance but rather to modulate ETR and, in particular, to protect PSI from overreduction and 199 consequent damage (Tiwari et al., 2016) . Remarkably, in the triple flva-pgrl1-ndhm KO plants PSI 200 is largely photoinactivated even when exposed to highly limiting illumination (10 µmol photons m -2 201 s -1 , Figure 1 -3). Only with prolonged exposure to a very low light intensity for several weeks was it 202 possible to detect a recovery in PSI activity in flva-pgrl1-ndhm KO plants (Figure 4) , showing that 203 PSI is highly unstable in these mutants. The extremely slow recovery also indicated that there is not 204 an efficient repair mechanism for PSI, representing a drastic difference from the situation for PSII, 205 which is continuously damaged but also efficiently repaired (Järvi et al., 2015) . These data point to 206 a protection strategy in which PSII is the main target of light damage in WT plants and is 207 continuously repaired, while PSI is highly stable (Tikkanen et al., 2014; Larosa et al., 2018) . Such a 208 strategy provides an advantage because the damage is only concentrated on one complex and 209 specifically on one protein, the PSII subunit D1 (Järvi et al., 2015) , which can be efficiently 210 repaired, while all other protein components have a much longer turnover. Considering that 211 photosystems are large pigment-protein complexes that accumulate at high levels in the 212 chloroplasts, such a strategy would be efficient in saving energy and nutrients. A further factor to be 213 considered is that the synthesis of pigment protein complexes is potentially dangerous for the cells 214 since pigments that are free or bound to partially assembled complexes are strong ROS producers 215 and are easily damaged by illumination. Slowing down the turnover of these complexes and, thus, 216 reducing the number and type of complexes that are continuously assembled may therefore 217 represent an additional advantage.
218
As shown here, however, such a protection strategy is only effective if PSI is indeed very stable, 219 since any damage to this complex will cause major consequences for growth because of the slow 220 turnover and absence of efficient repair. Hence, PSI needs to be efficiently protected, which is here, if one mechanism for the regulation of electron transport is lost, the others are likely capable 250 of compensating for most of the missing activity. Consistent with this idea is the observation that 251 angiosperms are missing FLV, but they rely on CEF to respond to light fluctuations, as shown by 252 the sensitivity of pgr5/prgl1 KO in Arabidopsis to these conditions (Suorsa et al., 2012) , which is 253 not observed in P. patens (Storti et al., 2019) . This is also consistent with the stronger CEF activity 254 in Arabidopsis than in P. patens (Avenson et al., 2005) . The observation that FLV was lost at least twice during the evolution of photosynthetic organisms 256 suggests that its activity may present some competitive disadvantages. FLV indeed drives energy 257 loss since electrons are donated back to oxygen, generating a futile cycle with water oxidation in 258 PSII. This energy loss is reduced by the regulation of FLV activity, which is maximal only under 259 light fluctuations and is only detectable for a few seconds (Gerotto et al., 2016) . Indeed, FLV 260 activity is not detectable during steady-state illumination, and flv KO mutants exhibit ETR that is 261 indistinguishable from that in WT plants (Gerotto et al., 2016) . However, this conclusion is in PpNO 3 medium. Growth in different media and light conditions was evaluated starting from 292 protonema colonies of 2 mm in diameter and then followed for 21 days. Colony size was measured 293 as reported in a previous study (Storti et al., 2019) . Figure S1 ). Transformation was performed 300 via protoplast DNA uptake as described in (Alboresi et al., 2010) . After two rounds of selection, the 301 various lines were homogenized using 3 mm zirconium glass beads (Sigma-Aldrich), and genomic 302 DNA (gDNA) was isolated according to a rapid extraction protocol (Edwards et al., 1991) with 303 minor modification. PCR amplification was performed on extracted gDNA (Table S1; Figure S1 ). genotype, the average result from two independent lines is reported with a total of n > 6 496 independent biological replicates (one-way ANOVA, p<0.001 is indicated by an asterisk). Figure S5 . Data are shown as the average ± SD, and asterisks indicate values significantly 514 different from those in the WT (n > 4, p < 0.001). The WT is shown in black, flva-pgrl1 in cyan, 515 flva-ndhm in green, pgrl1-ndhm in blue and flva-pgrl1-ndhm in red. patens WT and mutant plants were grown under illumination of different intensities, ranging from 519 limiting (LL, 10 µmol photons m -2 s -1 ) to optimal (CL, 50 µmol photons m -2 s -1 ) or excessive (ML 520 and HL, 150 and 500 µmol photons m -2 s -1 ). Cells were also exposed to light fluctuations (FL) in 521 which 3 minutes at 525 µmol photons m -2 s -1 was followed by 9 minutes at 25 µmol photons m -2 s -1 . A total extract amount equivalent to 2 µg of Chl (for FLVB, PsaD, D2, CP47, Cyt f, γATpase, PSBS, and LHCSR) and 4 µg of Chl (for PSAA, NDHM and FLVA) was loaded for each sample. In the case of WT, 2X and 0.5X indicate the loading of twice and half the amount of extract, respectively. B) Clear native PAGE (4-12% acrylamide), thylakoids solubilized with mild detergent (0.75% αDM). For each lane, a volume of extract corresponding to 15 µg of Chl was loaded. C) PSI/PSII ratio quanti ed from the ECS signal obtained after the application of a single turnover pulse (see Materials and Methods). For each genotype, the average result from two independent lines is reported with a total of n > 6 independent biological replicates (one-way ANOVA, p<0.001 is indicated by an asterisk). . Activity was normalized to the total photosystem (PSI+PSII) content. Standard deviation is also reported (n > 7). All genotypes are signi cantly di erent from WT after 0.8 seconds of illumination, while only va-pgrl1-ndhm is di erent from WT after 300 seconds (T-test, p < 0.01, indicated by an asterisk). C) Proton motive force (pmf ) estimated from the ECS signal at a steady state (after 5 minutes of illumination). Traces are shown in Figure S4 . va-pgrl1-ndhm is signi cantly di erent from WT and all double mutants (n > 7). D) Gross oxygen evolution under saturating (800 µmol photons m-2 s-1) light. E) Oxygen consumption in the dark measured in dark-acclimated plants. An asterisk indicates statistical signi cance (one-way ANOVA, p<0.001, n>15). F) The PSII quantum yield, as indicated by Fv/Fm, was evaluated in plants cultivated in control conditions (n >10, p < 0.001). In C-F plots, the 25th and 75th percentiles are delimited by boxes, while whiskers indicate the minimum and maximum values. G-H) PSI yield, PSI donor (Y ND) and acceptor side (Y NA) limitation upon exposure to limiting (G, 50 µmol photons m-2 s-1) or saturating (H, 1000 µmol photons m-2 s-1) light.
The full kinetics are shown in Figure S5 . Data are shown as the average ± SD, and asterisks indicate values signi cantly di erent from those in the WT (n > 4, p < 0.001). The WT is shown in black, va-pgrl1 in cyan, va-ndhm in green, pgrl1ndhm in blue and va-pgrl1-ndhm in red. Figure 3 . Impact of the depletion of electron transport regulation on P. patens growth. P. patens WT and mutant plants were grown under illumination of di erent intensities, ranging from limiting (LL, 10 µmol photons m-2 s-1) to optimal (CL, 50 µmol photons m-2 s-1) or excessive (ML and HL, 150 and 500 µmol photons m-2 s-1). Cells were also exposed to light uctuations (FL) in which 3 minutes at 525 µmol photons m-2 s-1 was followed by 9 minutes at 25 µmol photons m-2 s-1. Representative images (A) and growth quanti cation (B) of 21-day-old plants. Images of plants showing statistically signi cantly di erent growth from the WT are highlighted in green. Examples of growth curves are shown in Supplementary Figure S7 . In B, the plot depicts the median and 25-75 percentiles in boxes and the minimum and maximum values as whiskers, with individual data points superimposed on the boxes. WT is shown in black, va-pgrl1 in cyan, va-ndhm in green, pgrl1-ndhm in blue and va-pgrl1-ndhm in red. Asterisks indicate genotypes with signi cant di erences from WT when grown in the same conditions (one-way ANOVA, n = 8-21, p < 0.001). . Growth and active photosystem content in WT and va-pgrl1-ndhm KO mutants under di erent conditions. A) WT and va-pgrl1-ndhm plants were cultivated at 50 µmol photons m-2 s-1 with di erent media: minimum medium (PpNO3), rich medium (PpNH4) and minimum medium with the addition of ammonium tartrate (0.05%), glucose (0.5%), sucrose (0.5%) and mannitol (0.5%). B) WT and va-pgrl1-ndhm KO growth in an atmosphere enriched with 5% CO2 with 24 hours of continuous illumination in control conditions using plants propagated for at least 3 weeks under low illumination (LL, 10 µmol m-2 s-1). In both A-B, growth is normalized to the area of WT plants grown in PpNO3 medium under a 16 h light/ 8 h dark photoperiod at 50 µmol photons m-2 s-1. The plot depicts the median and 25-75 percentiles in boxes and the minimum and maximum values as whiskers, with individual data points superimposed on the boxes. For each condition, WT is shown in black, and va-pgrl1-ndhm KO is shown in red. C) Spectroscopic quanti cation of the active PSI / PSII ratio in WT and va-pgrl1-ndhm KO plants cultivated in the presence of glucose and in plants propagated under very low illumination. For all samples, between 4 and 8 independent biological replicates were performed. Table S1 . E-G) Expression of the target genes was assessed by RT-PCR. Single KO as well as flva-pgrl1 and flva-ndhm KO isolation was previously described (Storti et al., 2019) , here results for pgrl1-ndhm and flva-pgrl1-ndhm KO are reported. Two independent lines for each genotype are shown. In the case of flva-pgrl1-ndhm KO the two independent lines were generated starting from two distinct mutant backgrounds (flva-pgrl1 and flva-ndhm respectively in C, D). represented as mean and standard deviation is also reported (n > 10). B) PSI/PSII ratio calculated from single pulse excitation. PSI contribution was measured in presence of DCMU that inhibits PSII activity. C) Quantification of the growth of P. patens WT and pgrl1 and ndhm KO grown under illumination of different intensity: limiting (LL, 10 µmol photons m -2 s -1 ), optimal (CL, 50 µmol photons m -2 s -1 ), excess light (ML and HL, 150 and 500 µmol photons m -2 s -1 ); or light fluctuations (FL, 3 minutes at 525 µmol photons m -2 s -1 and 9 minutes at 25 µmol photons m -2 s -1 ). In B and C, plots depict median and 25-75 percentiles as boxes, minimum and maximum values as whiskers and outliers as external points, individual data points are also superimposed to the boxes. In all panels WT is shown in in black, ndhm in red and pgrl1 in blue. Figure S3 . PSII independent electron transport. Photosynthetic electron transport, calculated from electrochromic shift signal, measured in the presence of the PSII inhibitor DCMU. Activity was normalized to total photosystems content (PSI+PSII). Mean values and standard deviation are reported (n > 6). WT is shown in in black, flva-pgrl1 in cyan, flva-ndhm in green, pgrl1-ndhm in blue and flva-pgrl1-ndhm in red. Figure S4 . Examples of ECS traces in WT and flva-pgrl1-ndhm mutant. Dark adapted plants were subjected to 940 µmol photons m -2 s -1 for 300s before light was switch off (0 s). Relaxation of electrochromic shift signal (520-546 nm) in the dark is reported for WT (black) and flva-pgrl1ndhm KO (red). ECS signal is normalized to total photosystem content (PSI+PSII) calculated from single flash turnover. 
